Introduction
Chemical looping combustion (CLC) combusts fuels using reductioneoxidation cycles of oxygen carriers to keep the products of combustion separate from the air used for combustion [1] . In some cases the oxygen carrier can directly release gas phase oxygen, leading to the chemical looping with oxygen uncoupling process (CLOU) [2] . The oxygencarrier requires sufficient and stable oxygen transport capacity over many cycles of oxidation and reduction. Oxides of Ni, Fe, Cu, Mn and Co are popular candidates for oxygen carriers for use in CLC [3] . Fe 2 O 3 is cheap, widely available and environmentally benign and has been used in a number of studies [4e7] . The equilibria for the phase transitions for the FeeO system are such that only the reduction of Fe 2 O 3 to Fe 3 O 4 will result in complete oxidation of a fuel [8] . The subsequent reductions to Fe x O (i.e. wü stite where x~0.95 and can vary) and Fe, are also usually found to be much slower [9] . Chemical looping hydrogen (CLH) production [10] (also known as the cyclic-water gas shift [11] [8, 16, 17] . The stoichiometry is such that the oxidation of iron to Fe 3 O 4 produces approximately four-times more H 2 than that for Fe x O to Fe 3 O 4 .
Unsupported metal oxides usually agglomerate, or lose their ability to transfer oxygen over many cycles [8, 18, 19] . Granulated Fe 2 O 3 was found to be stable over repeated cycles of conversion between Fe 2 O 3 to Fe 3 O 4 and Fe 2 O 3 to Fe x O, but deactivated when reduced to Fe [8] . Thus, it is common to mix the iron oxide with support materials either to improve kinetics, or to improve the cyclic stability; e.g. Fe 2 O 3 on MgAl 2 O 4 [20, 21] , Fe 2 O 3 on Al 2 O 3 [22, 23] , various refractory (oxides of Mg, Al, Cr, Si etc.) dopants impregnated into granulated iron [24] or added during co-precipitation from metal nitrates [14] . Previous studies have shown that Fe 2 O 3 supported on Al 2 O 3 improved stability [22, 23] . In contrast, a SiO 2 support resulted in the formation of undesirable Fe 2 SiO 4 , which is unreactive under chemical looping conditions [21] . Iron oxide supported on Ce 0.5 Zr 0.5 O 2 [11, 25] or with ZrO 2 [26] has been shown to be stable over many cycles. Support materials can also interact in ways which alter the redox chemistry, e.g. Al 2 O 3 forms various solid solutions with iron oxide and FeAl 2 O 4 during reduction [27, 28] . FeTiO 3 ore has been suggested as a cheap oxygen carrier [29] , in which the iron oxide is already supported by the titania. During chemical looping FeTiO 3 oxidises to Fe 2 TiO 5 , and also segregates to give free iron oxide [30] ; the material is often observed to become more reactive after a few cycles. For H 2 production, the FeTiO 3 must be reduced to metallic Fe; the kinetics of which have been found to be faster than those for reduction of wü stite; density functional theory calculations suggested that diffusion of O 2À through the FeTiO 3 lattice facilitates reduction [31] . Oxygen carriers consisting of two active metal oxides have also been reported [32, 33] . For CLOU combustion, in which the oxygen carrier releases gas phase oxygen, the iron þ manganese oxide system has been proposed, . In contrast, it is practically impossible to oxidise iron oxide to an oxidation state higher than Fe 3 O 4 using steam. Other iron containing materials, based on perovskite structures [10, 34] have also been proposed. Perovskite materials can accommodate significant oxygen non-stoichiometry, allowing oxidation or reduction without phase changes, potentially improving cyclic stability [10] . They also allow O 2À ion conduction, which should facilitate access to the oxidising or reducing species in the particle whether they are used as the actual looping material themselves [32] , or as a support, e.g. in composite oxygen carriers [35] . Thus, the support can interact with the active metal oxide in several ways, either by forming new phases with different redox equilibria (e.g. FeeMn carriers [2] ), segregating or forming new phases during cycling (e.g. TiO 2 [30] , Al 2 O 3 [27, 28] ), providing porosity and separation between active metal grains, providing paths for ionic conduction (e.g. ZrO 2 [26] or perovskites [35] ), or altering the transport of ions within crystals by introducing defects or oxygen vacancies [36] , either in the support or the active metal oxide phase.
The objective of this study is to investigate calcium oxide as the support material for Fe 2 O 3 . CaO, like Fe 2 O 3 , is cheap and environmentally benign and the thermodynamics of the CaeFeeO system is well known [37] . Calcium and iron oxide form a variety of calcium ferrite phases, with reduction/ oxidation equilibria which differ from those of pure iron oxides. One such ferrite, Ca 2 Fe 2 O 5 (i.e. a brownmillerite-type ferrite), has received particular attention owing to its structure which facilitates fast oxygen ion transport [38] , leading to its use as a fuel cell cathode [39] or as a membrane material. At temperatures lower than those used for CLC some of the Fe can take on the þ4 oxidation state within the brownmillerite structure, leading to very active oxygen species which can be used to catalyse combustion [40] . Ca 2 Fe 2 O 5 has also been suggested as catalyst for oxidation of CO, NH 3 and hydrocarbons [41] .
Thermodynamics
When CaO is added to Fe 2 O 3 various phases can form at equilibrium, depending on the equilibrium oxygen partial pressure (which is related to the ratio of CO 2 to CO, or H 2 O to H 2 at equilibrium), temperature, and composition. Fig. 1 (calculated using MTDATA with the NPL oxide database [42] 
Experimental

Synthesis of oxygen carriers
Wet-granulated particles of unsupported iron oxide were prepared by spraying water into iron oxide powders (99 wt%, Sigma-Aldrich), while stirring the mixture. The resulting agglomerates were sieved to give 425e500 mm particles and then sintered at 1273 K for 6 h and re-sieved. Particles with different ratios of Fe 2 O 3 to CaO (50, 57.3 and 66.7 mol% CaO) were prepared by mechanical mixing. Measured amounts of iron oxide and calcined CaO (97þ%, Acros Organics) powders were mixed with a small amount of ethanol (99.8þ%, Fisher Scientific) (to aid mixing) and ball milled (SFM-1, MTI Corporation) for 3 h at 1560 rpm. The milled material was then calcined at 1273 K for 6 h, crushed and sieved to recover 425e500 mm particles. Henceforth, the oxygen carriers are denoted by the mole fraction of CaO they contain if no ferrite forms i.e. FC0, FC50, FC57 and FC67.
Thermogravimetric analysis (TGA)
A thermogravimetric analyser (TGA/DSC 1, Mettler Toledo) was used to perform redox cycles and temperature programmed reduction (TPR). In all TGA experiments, a permanent flow of N 2 gas (zero grade, BOC) was used as protective gas and purge gas, both at a flow rate of 50 ml/min (at 293 K and 1 atm.). A reactive gas, either air (BOC standard grade) or 5% H 2 in N 2 , (spectra shield, BOC) was fed to the reactive gas port at a rate of 50 ml/min as required. Between oxidising and reducing stages the line was purged with N 2 .
In a TPR (Temperature-programmed reduction) experiment,~30 mg of oxygen carrier was first heated in air to 1273 K at 10 K/min and held there for 10 min to remove contamination, then cooled to 473 K. The particles were then heated to 1323 K at a rate of 5 K/min, in 5 vol% H 2 /N 2 , and held for 2 h.
In a cycling experiment, 25e30 mg of the oxygen carrier particles were heated to 1173 K with air as the reactive gas. The oxygen carrier was then exposed to alternating reducing and oxidising conditions using 5 vol% H 2 in N 2 or air as the reactive gas. Some experiments were also performed with the H 2 /N 2 replaced by a mixture of 50 vol% CO 2 þ 5 vol% CO in N 2 .
During reduction, the conversion of the metal oxide is taken to be X red ¼ (m o À m)/Dm max , where m is the mass of sample, m o is the mass of the fully oxidised sample and Dm max is the mass change expected if all of the Fe 3þ in the sample is reduced to metallic Fe. During oxidation, the conversion is defined here as X ox ¼ 1 À X red . The change in conversion DX red and DX ox during reduction and oxidation, respectively, then give a measure of the oxygen transferred during a cycle.
Cyclic performance of oxygen carriers in a fluidised bed
A graphical representation of the fluidised bed reactor system is shown in Fig. 2 , is electrically heated to the required temperature, while fluidised by N 2 at a flow rate 1.8 L/min (at 293 K and 1 atm). Then, 1.0 g of oxygen carrier (sieved to 425e500 mm) was added to the hot bed. Flowrates of the inlet gases were measured and controlled using calibrated rotameters and gasswitching was achieved using computer controlled solenoid valves. The nominal flowrate of the fluidising gas was maintained at 1.8 L/min (as measured at 293 K and 1 atm), which corresponds to the U/U mf , z 7, where U is the superficial velocity of the fluidising gas and U mf is the minimum fluidisation velocity (calculated using Wen and Yu's correlation [43] ). The effluent gas was sampled at a rate of 0.5 L/min, through glass Fig. 1 e An oxygen potential vs composition phase diagram of the CaeFeeO system at 1173 K calculated using MTDATA [42] . ' £ ' denotes the compositions of the oxygen carriers investigated here.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 1 ( 2 0 1 6 ) 4 0 7 3 e4 0 8 4 wool and a drying tube (containing CaCl 2 ), before analysis by an infrared gas analyser (Uras26, EL3020, ABB), which measures [CO] and [CO 2 ]. Samples of the solids for analysis were recovered rapidly from the bed and cooled in a flow of 2.0 L/ min of N 2 . During the cycling experiments, the fluidising gas was, in turn: (i) N 2 (purge, 2 min), (ii) 10 vol% CO in N 2 (13 min), (iii) N 2 (2 min), (iv) 20 vol% CO 2 in N 2 (13 min), (v) N 2 (purge, 2 min), and (vi) air (to complete oxidation, 8 min). The moles of CO 2 produced during reduction by CO, N CO2 , and the amount of CO produced during oxidation by CO 2 (which is an analogue of H 2 production), N CO , were calculated from the measured mole fractions, y CO , y CO2 and the total molar flow, N T , using
Characterisation of oxygen carriers
Powder X-ray diffraction (XRD) was performed to detect the presence of possible phases in the solid samples. The XRD patterns were collected using a Panalytical Empyrean diffractometer with Cu Ka radiation. Preliminary phase identification was performed using the Panalytical X'Pert High Score Plus software, and the exact phase composition was subsequently determined by Rietveld refinement using GSAS with the graphical interface EXPGUI [44, 45] . The surface morphology of the fresh and reacted samples was studied using a scanning electron microscope (JEOL-5800LV). The solid samples were sputter-coated with a thin layer of platinum prior to the SEM analysis. The BET surface area [46] of the prepared samples was determined by N 2 adsorption at 77 K (TRISTAR 3000, Micromeritics).
Results
Characterisation of the as-prepared materials Fig. 1 ) with those obtained by Rietveld refinement of the XRD pattern in Fig. 3 ; given the quality of the XRD patterns, the refinement should be regarded as approximate (e.g. perhaps missing some phases which are present at a levels below the detection limit), but does clearly show that synthesised oxygen carriers have not reached equilibrium, with FC57 being the closest to equilibrium. This is probably because of imperfect mixing between the CaO and Fe 2 O 3 , and slow solid state diffusion during calcination. Performance in redox cycling in the fluidised bed oxidation were based on a preliminary observation that after about 13 min, the reduction of FC0 became very slow after reaching a conversion of X red ¼ 0.88, implying it had reduced mostly to iron with some wü stite. The amount of CO 2 produced during reduction of fixed duration in a cycle is an indirect way of comparing how the kinetics of the reactions change with cycling. Fig. 6(a) shows the amount of CO 2 produced during the reduction phase for 20 cycles. In the case of FC0, 88% of the theoretical solid conversion was obtained in the 1st cycle, but the yield, defined as mmol of CO/CO 2 produced (oxygen atoms transferred) per g of oxygen carrier, reduced drastically from the 2nd cycle. Bohn et al. [8] also found that unmodified iron oxide particles quickly deactivated when reduced to iron. In contrast, the Ca-containing oxygen carriers yielded less CO 2 per gram in the first cycle, but more in the subsequent cycles than pure Fe 2 O 3 , with more stable yields. To simulate H 2 production (and to avoid the complication with feeding steam) the reduced OCs were oxidised using CO 2 , which has an oxidising potential similar to that of steam at 1123 K, to achieve oxidation of Fe and FeO to Fe 3 O 4 [47, 48] . Fig. 6(b) shows that the yield of CO during oxidation with CO 2 follows the same patterns as that seen in Fig. 6(a) . Fig. 7 (for FC57) shows that the stability over cycles is also maintained at 1173 K, however, there appears to be some degradation in the oxygen transfer capacity at 1223 K.
Redox cycles in the TGA
The conversion achieved over 50 cycles, which consisted of an 80 min reduction with H 2 and 40 min oxidation with air at 
1173 K, for FC0, FC50, FC57 and FC67 is shown in Fig. 8 . For FC0, 95% of Fe 2 O 3 is reduced to Fe during the 1st cycle, but the change in conversion, DX ox , on the subsequent oxidation was only 24.2%; i.e. the material was unable to reoxidise during the 40 min oxidation. After the 1st cycle, the change in conversion during oxidation is similar to the change in conversion on reduction in the subsequent cycle, indicating that all of the material which is reoxidised can be subsequently reduced; i.e. the material is heavily sintered with reaction only taking place on any remaining iron oxide which is easily accessible by the reacting gases. In contrast, the addition of 50e66.7 mol% of CaO to Fe 2 O 3 stabilised the performance. A gradual decrease in DX, a measure of the oxygen-carrying capacity, was found for all the CaO doped particles but the decrease was much slower than for FC0.
Using the overall yield or solid conversion as a measure of performance can be misleading, since if left long enough a 100% yield would be achieved. Therefore, it is useful to look how the variation of conversion with time changes over cycling, as in Fig. 9 (a) and (b) for FC57 which shows that the material is very deeply reduced in the first cycle, and is able to fully reoxidise for the first 20 or so cycles. Large changes in behaviour are seen in the oxidation curves, which showed a significant slowdown in the kinetics. In contrast, Fig. 9 (c) and (d) show the results from shorter cycles, in which the material is less reduced, with the kinetics during oxidation changing less drastically.
The ultimate conversion achieved in the first cycle in the fluidised bed at 1173 K (~88%, shown in Fig. 7 ) is less than that achieved in the TGA with longer cycling times ( Fig. 8(a) ) but is i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 1 ( 2 0 1 6 ) 4 0 7 3 e4 0 8 4 still significantly higher than that achieved in the TGA with shorter cycling times. Whilst there are differences in the experimental set up which might explain the different yields, notably the use of 10 mol% CO and the much reduced mass transfer resistance in the fluidised bed, this does suggest that higher degrees of reduction result in a faster decay of performance, but that a relatively high degree of reduction can be achieved without a drastic slowdown in kinetics. 
Characterisation the oxygen carriers after cycling in a fluidised bed SEM images of the FC57, when freshly-calcined, oxidised in air after 10 cycles and oxidised in air after 20 cycles (from the experiment in Fig. 6 ) are shown in Fig. 10 . There does not appear to be a significant change in surface morphology after 10 cycles, but after the 20th cycle the surface appeared to have sintered; although some large pores are still visible. The BET areas measured for these materials were found to be small (~1 m 2 /g) and thus at the detection limit of the instrument. After 10 cycles in the fluidised bed, the BET area of FC0 had fallen from 0. 
Reduction of the oxygen carriers with a high background concentration of CO 2
Since the addition of calcium and the resulting formation of ferrites alters the equilibrium oxygen fugacity for the phase transitions, some experiments were conducted with logðp O2 Þ ¼ $ À 14:1, to examine the effect of calcium on the phase transitions which could be used for complete combustion.
In Fig. 13 
refinement indicates the fresh material contains slightly more CaFe 2 O 4 than anticipated (~66 wt% c.f. 60 wt%). This discrepancy has little effect on the overall oxygen transfer capacity, but gives a noticeable change in the amount of oxygen released during reduction to Ca 2 Fe 2 O 5 þ CW 3 F, and would suggest an anticipated DX red of~0.058. The ultimate conversion remains fairly constant with cycling, suggesting that the CaFe 2 O 4 content of the particles remains fairly stable (in contrast to the observations in Fig. 12 ). FC67 (which at equilibrium should be entirely Ca 2 Fe 2 O 5 ) should not reduce, yet some change of mass is observed. Rietveld refinement showed that fresh FC67 contained~40 wt% CaFe 2 O 4 (in addition to a small amount of free Fe 2 O 3 ), which could be reduced under these conditions. Again it is noteworthy that the oxygen carrier did not appear to approach its predicted equilibrium composition (i.e. 100% Ca 2 Fe 2 O 5 ) after many cycles. Table 2 , assuming these steps take place in order of decreasing p O2 .
It should be noted that above~1143 K an additional reaction may take place between steps (R4) and (R5), in which the i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 1 ( 2 0 1 6 ) 4 0 7 3 e4 0 8 4 Table 2 . In contrast, Fig. 14 (which re-plots the rate of mass loss in Fig. 4 for FC57, as a function of normalised mass) shows only 2 distinct peaks. The final reduction (at the lowest normalised mass) should correspond to Ca 2 Fe 2 O 5 reducing to Fe and appears to correspond well with the expected mass change labelled by the distance R1. It is difficult to distinguish R2, 3, 4 from R5 in Fig. 14 , since the mass changes associated with R2 e 4 are small; it is therefore likely the peak which occurs initially is consists of R2, 3 and 4 overlapping with R5 (which is responsible for the majority of the peak). The equilibrium p O2 for the reactions in Table 2 provide an indication of how difficult each of the materials is to reduce, and also consequently how easily they re-oxidise. Thermodynamically, Ca 2 Fe 2 O 5 is a very stable compound and its formation has the consequence that any Fe 2 O 3 held within it is effectively inert for reactions used for chemical looping combustion. On the other-hand, this implies that it is beneficial for H 2 production and will readily react with H 2 O to produce H 2 . In fact, only R2 has a sufficiently high equilibrium p O2 to be of use for CLC. Adding calcium therefore reduces the capacity of the material for combustion (for comparison the Fe 2 O 3 to Fe 3 O 4 transition usually used for CLC results in a mass change of 3.34 wt%), but increases the amount of oxygen available for hydrogen producing reactions. The equilibrium value of p H2 =p H2O for the oxidation of the metallic iron back to the Ca 2 Fe 2 O 5 is higher than for iron to wü stite, (e.g. p H2 =p H2O~3 from Table 2 c.f. 1.7 for FeO/Fe at 1123 K) meaning less steam would have to be produced for generating hydrogen. Despite the fact that strong reducing conditions are needed to reduce the Ca 2 Fe 2 O 5 , the kinetics of reduction are reasonable. This can be seen from the fluidised bed results in Fig. 6 , where in the absence of a thermodynamic constraint, the particles gave high and stable conversions within 13 min, in contrast to the unmodified FC0. The phase diagram also suggests that it should be possible to reform Ca 2 Fe 2 O 5 by oxidation with CO 2 .
All of the calcium containing materials presented here performed better over multiple redox cycles than the unmodified iron oxide, even when deeply reduced. The unsupported FC0, when reduced as deeply as the calcium containing materials, deactivated quickly and resulted in a completely sintered and unreactive particle. For the FC57 material, macro-porosity was still visible under the SEM after 20 cycles in the fluidised bed. Very deep reduction of the FC57 material, as in the TGA experiments shown in Fig. 8(a) and (b) , did result in some noticeable deactivation, which is reflected by the reduced the rates of oxidation. This contrasts with the results of the fluidised bed experiments shown in Fig. 7 , which showed little deactivation at 1173 K, where the material was reduced to a lesser extent. Whether or not it is the degree of reduction, or the time for which the material is held in the reduced state that promotes the deactivation (the TGA experiments were longer) requires further investigation. In CLC, one of the major challenges for continuous operation in fluidised beds is agglomeration at higher temperatures. Cho et al. [49] found that agglomeration and defluidisation occurred very rapidly during cycling with iron oxides at a high temperature, particularly above 1223 K. They also found a deeper reduction of iron oxide (and the formation of wü stite) was associated with more severe agglomeration. In this work, when the particles were more deeply reduced as in the experiments shown in Fig. 6(a) , in which a significant amounts of metallic iron were formed, the bed defluidised for FC0. In contrast, the CaO modified material did not show any significant agglomeration or defluidisation even after 20 cycles at 1123 K. At 1173 K some agglomeration was observed for FC50 whilst the OCs containing more calcium (FC57, FC67) did not show any agglomeration. At 1223 K all materials agglomerated to a certain extent. Table 2 . 
During the fluidised bed experiments shown in Fig. 6 , all the oxygen carrier particles experienced some attrition. Over the 13 h of cycling,~9% of the FC0 was elutriated due to attrition (determined from the mass of material remaining in the bed), whereas for FC50, FC57, FC67 the loss was between 4 and 6 wt%. Mechanical strength would need to be improved for commercial application e.g. by pelletising or extrusion and spheronisation.
So far, the experimental results have demonstrated the potential of using mixtures of calcium ferrites as stable OCs for CLH. However, the accumulation of Ca 2 Fe 2 O 5 , which is thermodynamically difficult to reduce, makes the OCs less competitive for CLC. To make these materials suitable for commercial operations, further development is necessary to improve the OCs' properties such as the resistance to attrition.
Conclusions
A simple mechanical mixing method was used to synthesise oxygen carriers from CaO and Fe 2 O 3 . The mixed oxides contained Ca-ferrites (Ca 2 Fe 2 O 5 and CaFe 2 O 4 ). All the Cacontaining carriers were more stable during cycling than the unmodified iron oxide, and the calcium ferrites proved to be readily reducible and reformed upon re-oxidation. Significant deviations from the expected equilibrium phase compositions were observed in the oxidised material, and this was also influenced by cycles of oxidation and reaction, and how deeply the particles were reduced in a cycle: deep reduction of the materials appeared to promote the formation of Ca 2 Fe 2 O 5 , even when the content of Ca 2 Fe 2 O 5 exceeded that expected to form at equilibrium. Although some sintering of the mixed oxide material was observed, its impact on the performance was limited and surface area and porosity sufficient for chemical looping reactions were maintained. Amongst the synthesised OCs the material containing 57.3 mol% CaO showed the best performance. However, the addition of large amounts of calcium oxide results in the carriers having less oxygen-carrying capacity for conventional CLC, but additional capacity for hydrogen production.
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